The preci e measurement of infrared absorp tion sp ectra has been accomplish ed by using the " "hi te-light frin ges of a Fabry-Perot interferometer in conjunctie n w ith atomic sp cctrall in es. \\Tayelengths from the first spectra of neon, argon, krypton, a nd xenon were uscd for calibrating t he fringcs. The absorption spectra and the fringe systcm ar e reco rded simultaneously by a two-pen r ecorder. One pen records t he higher orders of the frin ge system of visible ligh t as detected by a IP28 photomultiplier. The other p en r ecords the infrared a bsorption p ec trulll, which is detected by a PbTe cell. A measurement of t he distance from the ce nter of the absorption line to t he neighboring maxima of t he fringe system d etermi nes t he line pos ition to a high precision. ' Vavelengths of infrared Jines can bc rn easured with a n error of one part i n 500,000. Eight infl'arcd lines of mercury, seventeen lines of krypton, and fi ' "C lines of xeno n have been measured by this method. Tablcs are g iven of v is ible a nd in frared lin es of the noble gases, which are useful for calibration.
Introduction
'iVhile infrared speet.m have been measured for the last 150 years, th e precision of wavelength determination has been very low. The values given, up to 1900, for the wa Yclcngth of absorption bands were in error by about one part in a hundred. This low precision resulted from the small amounts of energy available for thermopiles, which made it necessary to use wide slits. Another contributing factor was th e error introduced by the use of the indices of refraction, which were not known to a high precision for most pri m materials. There was also th e feeling th at high precision optics was not necessary for infrared measurements. In 1917 Professor Randall [1] 1 made measurements with gratings, and high rcsolution was obtained . In order to measure the rotational structure of bands, graduated circles were placed on the grating assembly, so th at angles could be read to a few seconds of arc. This method of m easurement, which was in use until about 4 years ago, greatly increased the accuracy and made it possible to measure sharp lines with an error of about one part in 10,000. More recently standard atomic lines haye been used as a comparison spectrum. In the measurement of th e CO band at 2.4 J.I. [2] with a grating, higher orders of well known atomic lines of mercury, krypton, and xenon were superimposed on the absorp tion spectrum, and it found that the rotational lines could be measured wit.h an error of one part in 100,000. The main drawback to this method of measurement is the fact that many lines are of low intensity, and they cannot be observed with narrow slits in the higher orders.
The next. advance ill the precise measurement of infrared spcctra was the introduction of the FabryPerot interferometer. Douglas and Sharma [3] showed that, when illuminated with white light, the interferometer gave a series of fringes which were equally spaced, and these, therefore, offered an excellent comparison spectrum when calibrated with Hg l~8 standards. Channeled spectra of white light fringe sy tems h an been lIsed by several observers 1 F ig ures in brackets indicate the litera ture refe rences at the end of this paper.
in earlier investigations. Observed as early as 18.50 by Fizeau and Foucault [4] , th e channeled pectrum was first used for measuri ng ul traviolet wavelengths by Esselback a century ago [5] , and in 1879 Mouton [6] applied it to the measurement of invisible heat wave. However, no precise measurement could be made by this method until accurate standards of wavelength and improvements in pectrographs and radiation detectors became available. The u e of th e ch anneled spectrum provides very high precision in the relative measurements, but may be in error for the absolu te values. The errors in the absolu te measurements arise primarily from the condition th at the fringe system is not transmitted along the optical axis of the instrument. The detector for the fringe system is a photomultiplier cell, and the optical path is different because it is necessary to place ti1e photomultiplier behind the second slit. Small changes in the plane of the grating on scanning, or other change, will al ter the position of the maxima of the fringe system with respect to the absorption lines and thus will produce erraLic absolute measurements.
A method of measurerilent which leads to high precision is to use noble gas pectra for calibrating th e fringe system of the F abry-Perot interferometer, and then to use the fringe system as a comparison spectrum. A detailed description of this method of measurement is given in this paper.
Experimental Method
In order to make m easurements of high precision , a grating spectrometer was used for th e dispersing instrument. The grating, which is about 8 in. wide and .5 in. high , has rulings of 7,500 lines/in . The optical arrangement of th e spectrometer [7] and of the radiation so urces is sho,vn in figurl:' 1. The source of radiation for th e infrared measurements in th e region from 1 to 3 J.I. is a Western Union enclosed arc of 300-w capacity. The radiation source of the interferometer is a lOO-w 'iYestern Union arc. The radiation sources for th e standard wavelengt.h s are V\T cooled cell. The fringe system was det ected by a IP28 photomultiplier which was placed behind the second slit. A small plane mirror was placed near the top of the second slit, and the radiation of the fring e system was reflected on the photomultiplier which was locate(l above the slit. The small mirror covered about one fifth of the total slit, and the energy from the N ernst source or 'iV estern Union arc passed through the other part of the exit slit.
A detail ed diagram of the Fabry-Perot inter· ferometer is shown in figure 2 . The two plates in the centcr are aluminized to about 50-percent transmission and are scparated 2 mm by three invar pins. The maxima of the fringe system are separa,ted about 0.3 cm-J at 4.5 p. The plates are held together by spring attachments, with pressure being applied directly in line with the three separators. The entire interferometer is placed within a vacuum cylinder to eliminate the effects of the index of refraction of air. In the ends are placed the lenses which collimate the light through the interferometer. The plates, separators, and spring attachments are assembled and attached to the cylinder head, where they can be removed as a single unit. The vacuum is held by means of an O-ring represented by two black dots in the figure. On using the Fabry-Perot interferometer in vacuum, it is possible to use silver reflecting surfaces on the plat es rather than aluminum, since the silver will not tarnish. Figure 3 shows the high orders of the emission lines of the krypton arc in the spectral region of 3.3 p . All tIle lines of good intensity have been identifi ed, and they are useful in calibrating the spectrometer. If all of the regions of the spectrum have a sufficient number of lines at close in tervals, they can be used as the calibrating spectrum without the interferometer. However, sufficient lines are not lmown in aU regions, and the interferometer gives a more precise scale. In order to use a spectral line as a standard in the infrared region, its wave- 
diagr·am of a Fabry-Perot inteljerometer' within a vaC1lum system.
On the left is a holder fo r the standard filters.
length must be known to a high precision. Only the lines wi.th wavelengths less than 1 iJ. are known with such precision, and in order to use the lower "wavelength lines of krypton in the I-to 6-p region, it is necessary that they be observed in the higher orders.
To provide a greater number of standard lines, many emission lines of krypton and xenon have been measured recently in th e I-to 2-iJ. regions. A table listing the wavelengths of these infrared lines, measured in this laboratory and useful as standards, will be given further in this pa, per (see table 4 ). Figure 4 shows the interferometer fringes simultaneously recorded with the emission lines. This
.:
'" r ecord was made on a two-pen rec order, with on e pen r ecording th e fringe sys tem as det ected by a 1P28 photomultiplier ; th e oth er pen records sp ec tral lines as detect ed by a cooled PbTe cell.
For th e r ecord shown in figure 4 , the mirror, NI-9 (see fig . 1 ), has b een thrown in position , so that the krypton lamp is b eing employed as a source. 'iVhen the minor, 1\1 [-9 , is r emoved , the absorption spectrum of the gas will be r ecorded by on e pen , and the frin ges of th e interferom eter will b e r ecorded b y the other pen. In the measurement of th e absorption sp ec trum, at least two standard a,tomic lines are recorded, preferably one b efore the beginning and on e at th e end of the absorption band. Th e radiation from th e krypton lamp travels alon g the sam e path as th e rndiatioll through th e absorption cell , and in this way an y shift of wavel engths bet\\"een th e two sy t ems is avoided. The interferometer fringes are used as a, comparison spectrum, and a.re giyen wavenumb er values after b eing calibrated \\"ith the standard lin es.
Th e fringes are formed of whi ts ligh t ; eon sequ en tly in th e region from 1 to 6 Jl , it is n ecessary to observe the frin ges in hi gh er orders. Table 1 is a list of Corning glass filters, with n arrow b ands of transmission , which are employed in conjunction with t h e 1P28 photomultipli er tha t h as an upp er limi t of sensitivity of 0.62 Jl . 'Vh en a narrolV range of th e spectrum is desired, two filters can b e used . For example , th e transmission of Corning filters, 5543 and 3385 , extends over the sp ectral ran ge of 0.47 to 0.51 Jl. The cut-off region of th e filt ers is suffi cien tly This fringe system is prod u ced by w hite light in t he spectral range flom 0.54 to 0.62 ".
sharp , so tha t there is no overlappulg of different orders. From 1.5 to 1.8 J1., the third order of the visible fringes is used. This is done by employing Corning glass filter, 8X , which b egins transmitting at 0.5 J1. ; and since the detecting limit of 1P28 photo cell is about 0.62 J1. , t his limits th e band to 0.50 to 0.62 J1. in the first order or 1.50 to 1.86 J1. in t he third order. At 6 J1. the lOth or lIth order of the visible fringes is used. T o produce fringes which have a change b etween maxima and minima of 40 p ercent or better, it is som etim es necessary to shift the width of the fringe band with another filter or co mbination of filters. Figure 5 shows four orders of unresolved fringe system s using Corning filter number 3482, which, in conjunction with the cutoff of t he photomultiplier, transmits t he sp ectral region from 0. 54 to 0.62 J1.. The intensity of the fringe system varies with t he sp ectral order and the characteristics of the grating. Figure 5 is typical of a particular grating; the intensity of t he orders will not have the same value for other gratin gs, but with the sam e set of fil ters, the maxima of the fringe system will occur at the same wavelengths for all gratings. All of t h e sp ectral region from 1-to 6-J1. can be m easured by observing the frin ge system in differen t orders.
. Results
To test the precision of the m easurem en ts, wellkno wn wavelengths of kryp ton lines have been measured in higher orders . The fring e system was calibrated by two known lines, and other lines were measured from the fringes. The atomic lines used as standards in these m easurem ents ar e listed in table 2. The difference in wavenumber s between the two known lines is divided by the number of fringes between the t wo lines, t hus giving a constant, th e value of \\-hich depends on the spectral order of the fringe system . This constant is equal to the separation in wayenumbers b etween adjacent m axima of th e fringe system , and is used to determine the wavenumber of any line. The distance of the atomic line from the n eighboring maximum of t h e fringe system is determined by direct m easurem en t to one hundreth of an inch. T able 2 shows t he differences in m easurem ents taken in this way compared with the published values [8] of these lines. The t wo sets of wavelengths check to about 1 part in 500,000.
The infrared spectrum of mercury was explored more than 40 years ago by Paschen and by V olk [9] ; the form er reported 23 lines from 10140 to 40159 A and t h e latter 21 lines from 10140 to 23253 A. The wavel engths of 22 lines between 13210 and 19200 A were recen tly r efined by Humphreys [10] . Since th e spectrum of m er cury b as m any lines of high intensity in the r egion from 1 to 2 }l , it was thought desirable to survey the region from 2 to 5 }l with the possibility of detecting ot her lines. In t his region Paschen found 8 lines, and we han found 6, only 2 of which are identifiable with his. The results of th e presen t work are shown in table 3. The wavelengths of four lines are in good agreem en t with the values calculated from the en ergy levels. The differen ces between the observed and calculated wavelengths are greater than the errors in t h e observed values. This difference may arise from the lack of interferometer values for t he derivation of th e "odd " energy levels in the transitions. The t hird order of t he line at 15295.63 A of mercury occured close to the first order line at 45 122.04 A. It was also m easured and checked with the high resolution m easurements of Humphreys, who found a value of 15295.82 A.
The emission lines of neon , argon, krypton, and xenon are used for calibrating the fringe system. They are observed from W estinghouse enclosed arcs, operated on about 3 amp . In terferometric m easurements on many of the lines of these gases h ave been made by M eggers and Humpbnys [8] . The intense lines can be observed in the higher orders, and they have been used for calibration to 6}l. In table 4 ther e are listed the more intense lines for each gas. The lines at wavelengths less t han 10000 A have all been selected from the paper of ~I eggers and Humphreys.
The standards are only valid in standard air (15 0 0 and 760 mm). If m easurem en ts are made in air of differ en t density serious errors can be introduced by multiplying uncorrected wan lengths by4, 5, or 6, if m easured in t he 4th, 5th or 6th order , to get the "apparen t" value in t he infrared region. At the time the m eas urem en ts on t he krypton lines, reported in this work, were made, the temperat ure was 22 0 0 , and the press ure was 750 mm . The correction for standard conditions to the wanlengths is of the order of 0.001 A. If a line is used in the sixth order t he correction would be 0.006 A, and this value is about one-third t he error in our observations. However , when values of highest precision are desired, t he wavelengths of all lines should b e reduced to standard conditions. There are many in tense lines of kryp ton and xenon between 1 and 2 }l , as shown by the exploratory work of Humphreys a nd Plyler [11] , of Sit;tn er and P eck [12] , and of Hwnphrey and K ostk owski [1 3] . These line have no t b een m easured with an interferom eter and, therefore, could not be used as standards. orne of these lines have been m eas ured in the present; work and are also listed in Lable 4 . Som e gr atings have low in tensities in certain orders, and by having additional standard lines available from 1 to 2 }l , i t is possible to m easure in th e en tire r egion from 1 to 6 }l.
It would be desirable to have m any standards in t h e infrared r egion, and certain lines should be m easured by the interfer ometer directly, as has been done in the visible and n ear infrared r egions. The m ethod of m easurement in t he infrared r egion would be similar to that used in t he photographic , -region, except that a semiconductor cell would be employed to scan t he Haidinger fringe pattern.
